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in their purification. For this reason the method applied to the purification of each toxin is described in enough detail to make clear the differences found.
PRODUCTION AND PURIFICATION OF DIPHTHERIA TOXIN
The crude toxin was produced by growing the Park-Williams no. 8 (5) strain of Corynebacterium diphtheriae on the proteosepeptone medium described by Wadsworth and Wheeler (1934) . Details will be found in a previous paper (Eaton 1936 a) . To the toxic filtrate are added sufficient sodium citrate to make the concentration 2 per cent and then * volume of 5 per cent cadmium chloride solution. The pH should be about 7.0. The toxin solution should be stirred thoroughly during the addition of the cadmium chloride, and occasionally for an hour or two afterwards. The resulting precipitate is allowed to settle and the liquid decanted and filtered. The precipitate, which consists mostly of phosphates with some adsorbed impurities, is discarded. To the filtrate 3 volume of 5 per cent cadmium chloride solution is added and the pH is adjusted to 6.0. A fine granular precipitate forms slowly. After the preparation has stood in the refrigerator overnight, the precipitate containing the toxin is collected and washed with water. The washed precipitate is eluted with 2 per cent sodium phosphate at pH 7.8 in the refrigerator for 24 hours. The resulting partially purified toxin is further purified by fractionation with ammonium sulphate and dialysis (Eaton 1936 a; . Separation of toxin from bacterial protein may be accomplished by the method already described (Eaton 1937) .
PRODUCTION AND PURIFICATION OF TETANUS TOXIN
Tetanus toxin was produced from a strain of Clostridium tetani isolated in this laboratory. In previous purification experiments (Eaton 1936 b) a strain of C. tetani obtained from the New York State Laboratories was used for the production of toxin. The cultures were grown in two-liter Erlenmeyer flasks filled almost to the neck and sealed with vaseline. The toxin was filtered after incubating the cultures for two weeks. The medium consisted of the ordinary veal infusion broth containing 2 per cent of Bacto-peptone and 1 per cent of glucose.
The filtrate is treated with fi volume of 20 per cent calcium chloride solution and filtered to remove phosphates. To the filtrate adjusted to pH 6.7 to 7.0 is added sodium chloride to a concentration of 5 per cent anl then 2 volume of 5 per cent cadmium chloride solution. If no precipitate forms, the pH of the solution is raised by the addition of N/1 NaOH until a slight turbidity appears. If the precipitate is very heavy, the pH should be lowered (see next section). After standing overnight the precipitate is collected, washed, and eluted as described for diphtheria toxin.
The eluted toxin is precipitated by ammonium sulphate in the fraction between 0.4 and 0.6 saturation. The ammonium sulphate may be removed from the redissolved precipitate by dialysis in a cellophane bag. In the attempts to further purify tetanus toxin by fractionation with ammonium sulphate and dialysis much of the toxin was lost. This is apparently due to the instability of the purified toxin.
For the determination of the M.L.D. of crude and purified tetanus toxin, broth was used for a diluent because the toxicity could not be measured satisfactorily by diluting the toxin in saline. Halter (1936) and others have observed that crude tetanus toxin diluted in saline is less stable than when it is diluted in broth. This is probably attributable to a protective effect of the broth, not to the activation of the toxin by anything in the broth. Bronfenbrenner (1924) Cadmium chloride alone added to crude toxin or the sterile culture medium precipitates not only proteins but also proteoses and possibly other polypeptides. The amount and character of the material precipitated depends on the pH. In a solution contaminig 2 per cent sodium citrate or 5 per cent sodium chloride, the compounds formed between cadmium chloride and the nitrogenous substances are more soluble, and an excess of the reagent is required to produce precipitation. Under these conditions the solubility of the nitrogenous impurities is relatively greater than the solubility of the toxic fraction. The character of the material precipitated depends on the amount and kind of salt present (sodium chloride or sodium citrate), the concentration of cadmium chloride, and the pH. In preliminary experiments tetanus toxin was precipitated by cadmium chloride in the presence of 2 per cent sodium citrate. Later, it was found that better yields of purer toxin were obtained by using 5 per cent sodium chloride in place of the citrate.
With both tetanus and diphtheria toxins the higher the pH the more precipitate is formed, and the more impure is the resulting preparation. Maximum purification is obtained by precipitating the toxin at the lowest pH consistent with a reasonable yield of pure toxin. For diphtheria toxin the optimum pH is near 6.0. For tetanus toxin the optimum pH is higher, generally between 6.3 and 7.0. Since this varies with different lots of toxin, the pH of precipitation with maximum yield and purification should be determined in small samples before precipitating the bulk of the toxin.
RESULTS OF THE PURIFICATION PROCESS
Diphtheria and tetanus toxins were purified to about the same degree by the methods just described, and the yields of toxin were similar in each case (table 1). In terms of nitrogen per M.L.D., diphtheria toxin purified by precipitation with cadmium chloride is not as pure as the best preparations previously obtained by more complex procedures from crude toxins prepared on the same medium, but its purity compares favorably with that of toxin purified by any procedure involving only one precipitation. By fractionation with ammonium sulphate and dialysis, impurities in the form of inactive protein and proteoses are separated from the toxin and the resulting preparation contains only slightly more nitrogen per M.L.D. than the purest diphtheria toxin so far obtained. The tetanus toxin purified by cadmium precipitation is at least twice as active as the preparation previously obtained by a more complex procedure (Eaton 1936 b) . As indicated in the last two lines of table 1, fractionation of the purified tetanus toxin with ammonium sulphate and dialysis resulted in a marked reduction of the yield, and little further purification was accomplished. Part of the loss of toxin occurred during the precipitation with ammonium sulphate, and 50 to 75 per cent was lost during dialysis in cellophane. properties. Sixty to 80 per cent of the nitrogenous material in the preparations of purified tetanus toxin is precipitable by tannic acid. This indicates that a large proportion of the nitrogen is in proteose or polypeptide form. The remainder of the nitrogen (20 to 40 per cent) is in substances of unknown nature.
In the preparations of purified tetanus toxin obtained by a different method from a different strain of C. tetani (Eaton 1936 b) 25 to 50 per cent of the nitrogenous material was precipitated by trichloracetic acid as protein. Those preparations were less pure than the ones described in the present paper, and it is possible that they contained more inactive protein.
Like many proteins, diphtheria toxin is precipitated by lowering the pH of the solution. The isoelectric point of the toxin is near pH 4.1 . It is likely that the precipitation of diphtheria toxin by acid is in part caused by denaturation of the protein which makes it less soluble (Eaton 1937) . Several samples of tetanus toxin, purified by precipitation with cadmium chloride and fractionation with ammonium sulphate, were brought to pH 4.2 to 4.4 by the addition of dilute hydrochloric acid. A slight precipitate formed and was centrifuged down and redissolved in phosphate buffer at pH 7.0. The supernatant, adjusted to neutrality, and the redissolved precipitate were then tested for toxicity. It was found in all samples tested that at least 80 per cent of the toxin remained in the supernatant. The toxin found in the precipitate was probably carried down by adsorption to inactive protein.
Attempts to precipitate the toxin at a lower pH were unsuccessful. No further precipitate was formed when the solution of purified toxin was gradually acidified down to a pH of 2.4. At this pH the toxin is quite rapidly destroyed. Addition of 5 per cent trichloracetic acid (pH about 1.2) causes precipitation of some material which remains in solution at pH of 4.2, but the toxin is, of course, destroyed by the strong acid. These results indicate that tetanus toxin, when considerably purified, is not precipitated by acid at any pH at which the toxin is stable. Sommer (1937), Boivin and Izard (1937) , and Ramon, Boivin, and Richou (1937) have purified tetanus toxin and anatoxin by precipitation with acid. It is probable that in these experiments the toxin was adsorbed to inactive protein precipitated by the acid.
PRECIPITATION OF PURIFIED TOXINS BY ALUM
Purified diphtheria toxin is readily precipitated by ammonium aluminium sulphate or ferric ammonium sulphate between pH 6.0 and 7.0. Tetanus toxin is precipitated almost completely from crude filtrates by ferric ammonium sulphate and incompletely by ammonium aluminium sulphate. After purification by the procedure described in this paper tetanus toxin is not readily precipitated by either reagent. The toxin was completely precipitated by ferric ammonium sulphate from one preparation, but in other experiments more than half of the toxin remained in the supernatant. By adding enough phosphate to cause the formation of a voluminous precipitate, more toxin could be brought down. These results suggest that tetanus toxin is precipitated only by adsorption to precipitates containing protein and insoluble phosphates.
DISCUSSION
Preparations of diphtheria and tetanus toxins purified to about the same degree by similar chemical procedures differ in the relative proportions of protein and non-protein nitrogen they contain, as well as in other chemical properties. Cadmium chloride under certain conditions precipitates proteoses as well as proteins. This accounts for the fact that one preparation is composed predominantly of protein and the other mostly of proteose or polypeptide.
The optimum conditions for the purification of the toxins were worked out empirically by trying various combinations of the reagents at different concentrations and values of pH and not by any preconceived idea as to the nature of the active fraction to be precipitated. As a result, the conditions for precipitation have been adjusted so that the most active diphtheria toxin is precipitated as a protein by cadmium chloride at a pH of 6.0 while tetanus toxin of maximum activity per mg. of nitrogen is precipitated in a slightly more alkaline pH range where proteoses are precipitated. The degree of purification attained indicates that the precipitation of both toxins is quite selective. It is likely that similar combinations of sodium citrate, sodium chloride, and cadmium chloride or other metallic salt could be used to selectively precipitate other proteins or polypeptides from broth filtrates, but the best combinations would not be the same in every case. (Hooker and Follensby 1934; Stock 1937) . The diversity in the nature of toxins is, of course, limited by the number of substances that will act as antigens. At the present time the only pure substances which have been clearly shown to be antigens are proteins and certain complex carbohydrates. The possibility that tetanus toxin is a carbohydrate is apparently excluded by the fact that this toxin is destroyed by tryptic digestion.
SUMMARY
A simplified method for the purification of diphtheria and tetanus toxins by precipitation with cadmium chloride is described.
The preparations of the two toxins purified to about the same degree (separation of over 99 per cent of nitrogenous impurities) differ in the proportions of protein and non-protein nitrogen present. Although diphtheria toxin is precipitated by a variety of protein reagents, purified tetanus toxin is not precipitable by acid or alum.
The findings indicate that tetanus toxin differs in its chemical properties from diphtheria toxin which is a typical protein.
